Abstract. Hepatocyte growth factor (HGF) is a multifunctional growth factor with mitogenic, anti-apoptotic and anti-fibrotic activities. In this study, we investigated the effect of administration of recombinant human HGF on pulmonary arterial hypertension. Pulmonary arterial hypertension was induced in rats by a single injection of monocrotaline (MCT) and recombinant human HGF (0.12 mg/day) was administered into the right ventricle cavity using osmotic pumps, which were implanted subcutaneously 21 days after MCT injection. Continuous intravenous delivery of recombinant human HGF for 14 days led to prolonged survival of animals suffering from severe MCT-induced pulmonary arterial hypertension. Although a bolus injection of recombinant human HGF did not affect pulmonary arterial pressure, a 14-day administration of recombinant human HGF attenuated the inflammatory cell infiltrate, matrix accumulation and vascular medial thickening. As a consequence, the pulmonary lumen was enlarged and the pulmonary arterial pressure was significantly reduced. Additionally, continuous administration of recombinant human HGF suppressed lung tissue expression of platelet-derived growth factor, which plays an important role in the development of pulmonary arterial hypertension. These results indicate that recombinant human HGF possibly has a great potential for improving symptoms and altering the clinical course of pulmonary arterial hypertension.
Introduction
Pulmonary arterial hypertension (PAH) is a progressive, nearly always fatal condition that until recently has had very few treatment options. PAH, whether idiopathic or secondary, is characterized by dysregulated proliferation of pulmonary arterial endothelial and intimal smooth muscle cells, both resistant to cellular apoptosis, resulting in progressive pulmonary vascular remodeling and an increase in pulmonary arterial pressure (PAP) (1). Anticoagulants, diuretics, calcium channel blockers and inotropic agents have been used to treat patients with PAH, in an effort to alleviate their symptoms. Recently, specific targeted therapies using prostacyclins (2,3), endothelin-receptor antagonists (4,5) and phophodiesterase type 5 inhibitor (6) have been developed. However, because of the insufficient efficacy and poor tolerability of these agents (7, 8) , new therapeutic modalities continue to be explored.
Hepatocyte growth factor (HGF) was first purified as a potent mitogen for hepatocytes from the plasma of patients with fulminant hepatic failure (9, 10) . This protein is characterized as a broad-spectrum and multifunctional growth factor with mitogenic, motogenic, morphogenic and anti-apoptotic activities in a variety of cells (10) (11) (12) . Under physiological conditions, HGF acts as an organotrophic factor, protects from tissue injury, stimulates regeneration of various organs and is now considered to be essential for wound healing and repair in injured tissues (13) (14) (15) (16) . In response to acute lung injury, HGF is involved in lung regeneration and protection (17, 18) . Additionally, a deficiency in HGF secretion by fibroblasts in the lungs of patients with idiopathic pulmonary fibrosis and pulmonary emphysema suggests that it would have therapeutic value to increase HGF expression in their lung tissue (19, 20) ; consistent with this, HGF administration and gene therapy have been reported to ameliorate pulmonary fibrosis and emphysema in rats (21-24). Recent investigations have reported that HGF gene transfer attenuates medial hyperplasia and matrix accumulation in PAH of rats (25, 26) .
Our research has been focused on making recombinant human HGF (rh-HGF) available as a drug. Furthermore, we have evaluated the efficacy of HGF protein-based therapy Hepatocyte growth factor improves the survival of rats with pulmonary arterial hypertension via the amelioration of pulmonary hemodynamics KIyOHIsA HIRAMINE 1 in various animal models (12, 15, (27) (28) (29) 
Materials and methods
Animals. Male wister rats, six weeks of age and weighing 200-210 g, were obtained from Kyudo Co., Ltd. (Kumamoto, Japan). Rats were maintained under constant room temperature (25˚C) and allowed free access to a standard diet and tap water in accordance with the institutional guidelines; rats were acclimatized to these conditions for seven days before any involvement in experimental studies. The Ethics Committee of Kagoshima University (Kagoshima, Japan) approved all aspects of this study. Rats were injected subcutaneously with monocrotaline (MCT) (40 mg/kg) in order to induce PAH (Acros Organics, Geel, Belgium) ( Fig. 1 ). Osmotic pumps (Alzet, Palo Alto, CA, USA), which deliver recombinant human HGF (0.12 mg/day) in phosphate-buffered saline (PBS) or PBS alone through catheters into the right ventricle cavity for 14 days, were implanted subcutaneously 21 days after a single MCT injection.
Hemodynamic measurements. Animals with McT-induced PAH were anesthesized with 75 mg/kg ketamine (Daiichi Sankyo Pharma, Tokyo, Japan) and 0.5 mg/kg medetomidine (Nippon Zenyaku Kogyo Co., Fukushima, Japan). A tracheal cannula connected to a ventilator was inserted and rats were treated with artificial respiration at a frequency of 50-60 times/min and a tidal volume of 5-15 ml/kg. A 23-gauge cannula (A23-gauge Surflo; Terumo Co., Tokyo, Japan) was inserted into the abdominal aorta and connected to a pressure transducer (LEG-1000; Nohon Kohden Co., Tokyo, Japan) for measurement of the systolic blood pressure (BP). A 23-gauge catheter was also inserted into the pulmonary artery to measure PAP. Measurements were obtained over a 5-minute interval after waiting for the PAP and systolic BP measurement to stabilize and the means were calculated.
Histological examination and measurement of the internal area of the pulmonary artery. Lung tissues were obtained from rats with MCT-induced PAH, which were treated with or without HGF for 14 days and stained with hematoxylin and eosin (H&E). To evaluate the pulmonary arterial lumen, the internal and external areas of nine to ten pulmonary arteries in each rat were measured using the Microanalyzer (Nihon Poladigital, Tokyo, Japan). The percentage of the internal area of the pulmonary artery (vascular lumen ratio) was calculated using the following formula: vascular lumen ratio (%) = internal area/whole (external) area of pulmonary artery x 100.
Enzyme-linked immunosorbent assays for serum C-reactive protein (hs-CRP) and 6-keto prostaglandin F1α (PGF1α).
Serum concentrations of hypersensitive hs-CRP and 6-keto PGF1α were measured using commercially available enzyme-linked immunosorbent assay kits (Alpha Diagnostic International, san Antonio, TX, UsA and GE Healthcare Bio-Sciences, Tokyo, Japan, respectively).
Real-time reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted from lung tissues of rats with MCT-induced PAH using Isogene (Nippon Gene, Toyama, Japan) and cDNA was synthesized from 0.5 µg RNA using PrimeScript RT reagent kit (Takara, Otsu, Japan). For real-time PCR, commercially available assay mixes for tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-12, macrophage migration inhibitory factor (MIF), fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), PDGF receptor (PDGFR) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used to quantify mRNA levels and PCR was performed using a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA). mRNA levels were normalized to GAPDH mRNA levels in the same samples.
Statistical analysis. Unless specified, data are expressed as the mean ± SD. Statistical parameters were ascertained with Statview J-4.5 (Abacus Concepts, Inc., Berkeley, CA, USA). Differences between means were assessed by the unpaired Student's t-test. Significance level was set at p<0.05.
Results

A single dose of HGF reduced systolic BP, but not PAP.
Intravenous injection of HGF in a bolus is known to decrease BP via induction of nitric oxide (NO), which is a potent vasodilator (30). Therefore, we first examined the effects of a single intravenous injection of HGF on BP and PAP in rats with PAH, which was induced by a single injection of MCT 21 days before HGF injection (Fig. 1) . Systolic BP was reduced by 18.6±6.7 mmHg just after a single intravenous HGF injec- Figure 1 . Summary of the study protocol. To induce pulmonary arterial hypertension (PAH), monocrotaline (MCT) (40 mg/kg) was subcutaneously injected 21 days before the beginning of HGF administration. Recombinant human HGF (rh-HGF) (0.12 mg/day) was administered continuously for 14 days using osmotic pumps, which were implanted subcutaneously on Day 0. Survival of animals was evaluated throughout the experimental period (up to 45 days). Additionally, the effects of a bolus rh-HGF injection on systolic blood pressure (BP) and pulmonary arterial pressure (PAP) were examined on Day 0 and animals were also sacrificed for further experiments on Day 14, following PAP measurement, to evaluate the effect of continuous HGF administration.
tion. However, PAP was not affected by a bolus injection of HGF (Fig. 2) .
Continuous HGF administration reduced PAP through amelioration of pulmonary arterial stenosis in rats with MCT-induced PAH.
To clarify the effect of continuous administration of rh-HGF on PAP, rats with PAH were catheterized and PAP was examined after 14-day HGF or PBS administration (Fig. 1) . Systolic PAP was significantly reduced by HGF treatment, relative to PBS (37.9±8.1 vs. 53.1±12.9 mmHg, p=0.014) (Fig. 3) . Next, we evaluated the effect of HGF on MCT-induced PAH in rats by histological analysis. In control PAH rats that were treated with PBS for 14 days, inflammatory cell infiltrate, matrix accumulation and vascular medial thickness, leading to marked pulmonary arterial stenosis, were observed (Fig. 4A) . In contrast, when HGF was continuously administered for 14 days, vascular medial thickness and inflammatory cell infiltrate were attenuated (Fig. 4B) and, consequently the vascular lumen ratio was significantly increased (23.9±11.7% vs. 15.5±8.5%, p<0.0001) (Fig. 4C) . These results indicate that HGF ameliorated pulmonary arterial stenosis, leading to a decrease in PAP.
Treatment with HGF for 14 days prolonged survival of rats with established PAH induced by MCT. Next, we examined whether HGF-induced amelioration of pulmonary arterial stenosis could improve the survival of animals with established PAH, which was induced by a single MCT injection 21 days before HGF or PBS administration (Fig. 1) . As shown in Fig. 5 , all animals with MCT-induced PAH survived 14 days of treatment, whether treated with HGF or PBS alone. However, when treated with PBS alone, approximately 60% of the animals died within 30 days and none survived over 36 days. Conversely, none of the HGF-treated PAH rats died within 28 days and 80% survived the entire experimental period (up to 45 days). Intravenous injection of HGF into the right ventricle by implanted osmotic pumps significantly prolonged the survival of animals with established PAH (p=0.003).
HGF administration did not affect serum levels of either hs-CRP or 6-keto PGF1α in rats with PAH.
hs-CRP is a marker of minimal vascular inflammation caused by arteriosclerosis and 6-keto PGF1α is a marker of potent vasodilatory agents. Therefore, we examined serum hs-CRP and 6-keto PGF1α in PAH-rats treated with HGF or PBS alone. Treatment with HGF for 14 days did not affect either serum hs-CRP or 6-keto PGF1α (Fig. 6) .
HGF treatment suppressed the expression of PDGF in lung tissues of rats with PAH.
To clarify the mechanisms of HGF suppression of the development of fibrosis in rats with PAH, we examined the effect of HGF on the mRNA expression of TNF-α, IL-6, IL-12, MIF, FGF, PDGF and PDGFR. HGF treatment for 14 days significantly suppressed the expression of PDGF (p=0.026), one of the agents involved in development of pulmonary fibrosis leading to PAH, in rats with MCT-induced PAH, whereas the expression of TNF-α, IL-6, IL-12, MIF, FGF and PDGFR was not affected by this treatment (Fig. 7) .
Discussion
PAH has a multifactorial pathobiology, including vasoconstriction, remodeling of the pulmonary vessel wall and thrombosis, which contributes to increased pulmonary vascular resistance in PAH. Recent investigations have reported that transfection of the lung with the HGF gene via the pulmonary artery reduces medial hyperplasia in lung arterioles and inhibits overgrowth of pulmonary artery smooth muscle cells (25,26). However, there are several issues, including safety and transduction efficiency, which should be solved before clinical application of HGF gene therapy. we have developed translational medicine protocols for rh-HGF, including preparation of rh-HGF at GMP-grade, various preclinical safety tests and a clinical trial to evaluate the safety, pharmacokinetics and clinical efficacy of this compound (32,33). Therefore, in the present study we investigated the efficacy of rh-HGF on pulmonary arterial stenosis, PAP and survival of rats with established PAH. Intravenous injection of rh-HGF in a bolus has been reported to reduce the mean arterial pressure through NO (30). In this study, a single injection of rh-HGF reduced systolic BP, but did not affect PAP. Although we did not examine the effect of intravenous rh-HGF on PAP in rats without PAH, pulmonary arterial remodeling in MCT-induced PAH rats, including medial hypertrophy, intimal fibrosis and endothelial cell proliferation, may decrease the susceptibility to factors that dilate blood vessels. Conversely, continuous administration of rh-HGF for 14 days reduced thickening of the pulmonary arterial wall, resulting in enlargement of the vascular lumen and a decrease in PAP. Consequently, survival of rats with established PAH, which was induced by MCT injection 21 days before HGF treatment, was significantly prolonged. Despite the short half-life of rh-HGF in vivo (31), continuous exposure to rh-HGF has been reported to stimulate liver regeneration and proliferation and hepatic differentiation of hepatic progenitor cells (27, 28) and ameliorate experimental colitis (12) . Repeated dose of rh-HGF also facilitated the repair of large colonic ulcers induced by 2,4,6-trinitrobenzene sulfonic acid (30) and reduced hepatic fibrosis in a rat model of liver cirrhosis (15). In addition to the finding in this study, these results indicate that the protein-based therapy of HGF is a potent therapeutic modality to treat patients with intractable diseases, including PAH, inflammatory bowel disease, hepatic failure and liver cirrhosis.
The process of pulmonary arterial remodeling involves all layers of the vessel wall. Each cell type of the pulmonary arterial wall, such as endothelial, smooth muscle and fibroblast, . Serum levels of hs-CRP and 6-keto PGF1α in rats with PAH were not affected by HGF administration. Serum hs-CRP and 6-keto PGF1α concentration were measured by ELISA after a 14-day HGF administration as described in the Materials and methods. HGF treatment did not affected serum level of either hs-CRP or PGF1α in rats with PAH.
as well as inflammatory cells and platelets, may play a significant role in PAH. During the inflammatory process of PAH, several inflammatory factors, including TNF-α, IL-1 and IL-6, are overproduced (7, 34, 35) . Additionally, several growth factors have been implicated in the abnormal proliferation and migration of smooth muscle cells, including PDGF, basic FGF and epidermal growth factor (36-38). In vitro studies have shown that PDGF stimulates proliferation of pulmonary vascular smooth muscle cells (38). Additionally, PDGF receptor antagonists (imatinib mesylate) reverse pulmonary vascular remodeling in two different animal models of PAH (39) and results from a phase II trial of imatinib mesylate suggest that imatinib may be effective in a subset of patients with severe PAH (40). Conversely, a specific receptor for HGF, c-Met, is expressed in pulmonary arterial smooth muscle cells in MCT-induced PAH rats and HGF inhibits the proliferation of smooth muscle cells (25) . In this study, administration of rh-HGF decreased the pulmonary expression of PDGF mRNA in PAH rats, whereas expression of TNF-α, IL-6, IL-12, PDGFR and FGF was not affected by this treatment. Therefore, HGF inhibits proliferation of pulmonary arterial smooth muscle cells, leading to attenuation of pulmonary arterial stenosis, both indirectly (through decreased PDGF expression) as well as directly (through c-Met expressed in smooth muscle cells).
Increasing evidence suggests that endothelial dysfunction is a major participant in the pathogenesis of PAH. Regardless of the causes, PAH is associated with maladaptive changes in pulmonary vascular structure and function. when apoptosis is induced in pulmonary arterial endothelial cells, some factors that generate apoptosis-resistant proliferative endothelial cells and induce vascular smooth muscle cell proliferation are released from the apoptotic endothelial cells (41). Pulmonary vasoconstriction and vascular smooth muscle cell proliferation are strongly linked to endothelial cell dysfunction (42). It is now understood that the remodeling process involves all the components of the pulmonary vascular walls (35). Since normal pulmonary arterial endothelial cells express c-Met and HGF suppresses apoptosis in endothelial cells (25), HGF may block the initial step of PAH development (endothelial dysfunction), in addition to inhibiting overgrowth of pulmonary arterial smooth muscle cells.
rh-HGF is now available as a therapeutic agent to treat patients. A phase I/IIa clinical trial for patients with acute liver failure is already underway (31). Although the safety of rh-HGF should be carefully evaluated in humans, HGF gene therapy has been reported to enhance the ameliorating effect of prostacyclin for PAH rats (26). Therefore, the beneficial effect of HGF protein-based therapy in PAH models described herein sheds light on the development of new therapeutic modalities aimed at treating patients with severe PAH. 
